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ABSTRACT
Chagas disease urgently requires the development of new, safe, and effective therapies. We evaluated a series of 6-hydroxy-3-aryl/

heteroarylcoumarin derivatives against Trypanosoma cruzi to identify candidates with multistage activity. Our screening revealed

that derivatives 1c (2-pyridyl) and 1f (2,3-dihydrobenzo[b][1,4]dioxine) are highly selective chemotypes toward trypomastigotes

over Vero cells (SI= 549.45 and> 625, respectively), demonstrating submicromolar potency (IC50 = 0.91 and 0.80 μM, respec-

tively), an activity up to 23-fold higher than benznidazole (Bz). The derivative 1f, like Bz, also exhibited dual-stage activity, show-

ing intracellular amastigote activity (IC50� 10 μM). Mechanistic analysis using a washout assay revealed that, rather than

eliminating intracellular forms, 1f prevents the release of new trypomastigotes. Our findings suggest that 1f targets the amas-

tigote-to-trypomastigote differentiation pathway. The retention of a high intracellular parasitic load and the absence of trypo-

mastigote release during the washout period strongly suggest that 1f acts as a selective inhibitor of metacyclogenesis. This insight

positions the coumarin scaffold bearing a 2,3-dihydrobenzo[b][1,4]dioxine substituent at position 3 as a promising starting point

for developing improved multi-stage therapeutic candidates against Trypanosoma cruzi.

1 | Introduction

Chagas disease (CD), a vector-borne pathology caused by the pro-
tozoan Trypanosoma cruzi (T. cruzi), disproportionately affects
populations in socioeconomically vulnerable conditions and is
recognized by the World Health Organization (WHO) as a major
neglected tropical disease (NTD) [1]. CD is endemic in 21 Latin
American countries, with the highest prevalence in Bolivia,
Argentina, Paraguay, Brazil, and Mexico. Historically, T. cruzi
transmission in the endemic areas was mainly driven by contact
with the feces of infected triatomine vectors (‘kissing bugs’).
However, additional routes, including congenital transmission,
ingestion of contaminated food or beverages, blood transfusion,

organ transplantation, and laboratory exposure, also play an
important role in the disease’s dissemination. Therefore, popula-
tion mobility has contributed to its increasing detection in non-
endemic regions, including the United States, Canada, Europe,
Oceania, and Asia [2]. Current estimates indicate that approxi-
mately 6–7 million people are infected worldwide, resulting in
about 12,000 deaths annually, and more than 100 million people
reside in areas at risk of zoonotic transmission [1]. Beyond its
substantial health burden, CD imposes significant socioeconomic
consequences, including chronic morbidity, reduced productiv-
ity, and long-term healthcare expenditures [3]. Given its broad
geographic distribution, chronic nature, and pronounced health
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and socioeconomic impacts, CD remains a major public health
challenge, emphasizing the urgent need for more effective ther-
apeutic solutions.

CD unfolds in two distinct phases: an initial acute stage, typi-
cally presenting with mild or nonspecific symptoms such as
fever, malaise, and localized swelling at the inoculation site,
and a prolonged chronic stage that may remain clinically silent
for years, yet can culminate in severe cardiac and gastrointesti-
nal manifestations in a subset of patients [4]. Despite over five
decades of research, current chemotherapy relies on only two
nitro-functionalized heterocycles, benznidazole (Bz) and nifur-
timox (Nfx), which are often poorly tolerated, require extended
courses exceeding 2 months, and exhibit limited efficacy, par-
ticularly in chronic infections [5, 6]. To address these con-
straints, research has pursued alternative strategies, including
drug repurposing, Bz alternative regimens, and the design of
novel compounds targeting essential parasite survival targets.
However, although several novel candidates have recently
emerged, none has yet advanced to successful clinical applica-
tion [7–9]. In some cases, shortening Bz treatment to 2 weeks
and reducing the dose can retain similar efficacy to the standard
8-week treatment. However, in Brazilian cohorts, such Bz alter-
native regimens proved to be largely insufficient, revealing
population-specific limitations of this combined strategy [10].
Repurposing fexinidazole, a drug developed for human
African trypanosomiasis [11, 12], proved to be unviable for
CD due to its poor tolerability at the therapeutic doses clinically
evaluated [13]. These challenges underscore a critical unmet
need: the discovery and development of innovative, safe, and
effective agents that can target T. cruzi at different stages of
the disease.

In recent years, our research group has focused on the synthesis
and evaluation of trypanocidal activity in various heterocyclic
systems. We have studied pyrazole-imidazolines [14–17],
pyrazole-thiazolines [18], pyrazole-benzo[d]imidazoles [19],
pyrazole-tetrahydropyrimidines [14, 20], pyrazole-thiadiazoles
[21], and coumarins [22–26]. Regarding the coumarin scaffold,
we identified 3-(3-bromophenyl)−6,7-dihydroxycoumarin
(derivative I, Figure 1) as the most effective trypanocidal agent,
with an IC50 of 33.6 ± 0.7 μM against the trypomastigote form of
T. cruzi. This activity is comparable to that of the reference drug,

Bz, which presented an IC50 of 20.0± 0.5 μM [22]. We also
reported the synthesis of 7-hydroxy-3-nitrocoumarin-4-yl-nico-
tinate (derivative II, Figure 1), which effectively reduced the
percentage of infected cells when evaluated against amastigote
forms and outperformed the reference drug, Nfx [23]. The
7,8-dihydroxy-3-(2-hydroxyphenyl)coumarin (derivative III,
Figure 1) showed a moderate peroxyl radical scavenging capac-
ity (ORAC-FL = 2.23) and displayed remarkable selectivity for
the epimastigote forms, achieving an IC50 of 1.31 ± 2.0 μM, sig-
nificantly lower than Nfx’s IC50 of 17.4 ± 1.3 μM [24]. N-(quino-
lin-3-yl)coumarin-3-carboxamide (derivative IV, Figure 1)
showed high activity against the epimastigote stage, with an
IC50 of 20.90 ± 0.01 μM, which is comparable to Nfx’s IC50 of
17.40 ± 1.3 μM, while also exhibiting low cytotoxicity [25].
Finally, 3-amino-4-hydroxycoumarin (derivative V, Figure 1)
showed good trypanocidal activity against the trypamastigote
form, with an IC50 of 22.20 ± 2.1 μM and an ORAC-FL measure-
ment of 4.36, similar to Nfx, which demonstrated, in the
conditions of this study, an IC50 of 36.9 ± 3.4 μM [26].

Based on the previously outlined findings, we aimed to imple-
ment structural modifications to the coumarin scaffold at
positions 3 and 6 to expand the chemical space and improve
potential interactions with specific T. cruzi enzymes. In our
search for novel trypanocidal agents, we synthesized and eval-
uated a series of 10 3-substituted-6-hydroxycoumarins 1(a-j).
Among the synthesized compounds, seven are being published
for the first time: 1(a, b,e, f,h-j). The synthesis of 1(c, d,g)
has already been reported, but the trypanocidal activity was
not evaluated beforehand [27–29]. These compounds were
designed using the ring bioisosterism approach, replacing
rings such as nicotinic, benzyl, and quinoline with various
heterocycles while preserving the hydroxyl group at position
6, which is important for the coumarin scaffold’s activity
(Figure 1).

2 | Results and Discussion

2.1 | Chemistry

Compounds 1(a-j) were synthesized according to the synthetic
pathway summarized in Scheme 1. Firstly, 2,5-dihydroxyben-
zaldehyde reacted with aryl/heteroarylacetic acids 2(a-j),
through a Perkin-Oglialoro condensation, using potassium ace-
tate (H3CCO2K) in acetic anhydride (Ac2O), under reflux for
16 h, to achieve the key intermediates 6-acetoxy-3-aryl/hetero-
arylcoumarins 3(a-j) in yields ranging from 11% to 72% [30].
The second step consists of a hydrolysis reaction of 3(a-j), uti-
lizing aqueous hydrochloric acid (HCl) solution and methanol
(MeOH), under reflux for 3 h, to attain the designed compounds
1(a-j) in 47%-99% yields [30].

This synthetic strategy is highly efficient when free hydroxyl
groups are present in the starting materials. The first step is cor-
roborated by the appearance of a specific peak at low field in the
1H NMR spectrum corresponding to H-4, which may indicate the
closure of the coumarin ring. The second step of the reaction,
deacylation, can then be confirmed by 1H NMR, as evidenced
by the absence of the methyl group peak (between 2 and
3 ppm) and the appearance of a new signal for the hydroxyl group
(between 9 and 10 ppm).
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FIGURE 1 | Design strategy for the synthesized compounds based on

a ring bioisosterism approach. Nicotinic, benzyl, and quinoline rings were

replaced with various heterocycles while maintaining the hydroxyl group

at position 6, a key feature for the biological activity of the coumarin

scaffold.
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2.2 | Biological Assays

The panel of newly synthesized 3-arylcoumarin derivatives 1(a–j)
was assessed for cytotoxicity and screened for anti-T. cruzi activity.
Cytotoxic effects were evaluated in Vero cell monolayers after 24
and 72 hours of exposure. Coumarin derivatives exhibited low
toxicity toward Vero cells (Table 1). After 24 h of exposure, all
compounds showed CC50 values over 500 μM. When the incuba-
tion period was extended to 72 h to assess long-term toxicity, most
derivatives exhibited CC50> 500 μM, except for 1a (CC50=
193.5± 11.84 μM), 1c (CC50= 296.13± 44.3 μM), and 1g (CC50=
476.63± 33.04 μM). The antiparasitic activity was evaluated using
Vero cell monolayers and T. cruzi Dm28c expressing luciferase,
which allowed the assessment of both parasite developmental
stages, trypomastigotes and intracellular amastigotes, by exposing
isolated parasites or infected cultures to compound concentrations
ranging from 100 to 0.04 μM.Among the series, derivatives bearing
2-pyridyl (1c) and 2,3-dihydrobenzo[b [1, 4] dioxine (1f ) as sub-
stituents at position 3 of the scaffold exhibited submicromolar
activity against trypomastigotes, with IC50 values of 0.91 and
0.80 μM, respectively (Table 1). The 2-pyridyl derivative 1c showed
markedly enhanced activity compared with its isomeric analogs 1a

(4-pyridyl, IC50= 10.52± 3.48 μM) and 1d (3-pyridyl, IC50>
100 μM). This improved potency may be attributed to the stronger
electronic influence of the nitrogen atom in the ortho position,
which intensifies the inductive effect and modulates the electronic
polarization of the coumarin scaffold. While the precise molecular
target remains to be fully elucidated, the clear structure–activity
relationship (SAR) patterns observed in this phenotypic screening,
such as the activity drop upon introducing a bromine atom at
position 3 into the 2-pyridyl ring (1h), or a chlorine at position 2
into the 4-pyridyl derivative (1i) (Table 1), provide valuable
insights into the chemical requirements for anti-T. cruzi activ-
ity. Strikingly, derivatives 1c and 1f exhibited substantially
higher potency against trypomastigotes than Bz, with approxi-
mately 20- to 23-fold higher activity and markedly improved
selectivity, yielding selectivity indices (SI) of 549.45 and > 625,
respectively, compared with 26.42 for Bz. Additionally, deriva-
tive 1f also inhibited intracellular amastigotes, with an IC50 of
10.20 ± 0.79 μM and a SI > 49.02. Few derivatives achieved IC90

values below 100 μM. Derivatives 1a, 1c, and 1f showed IC90

values around 30 μM against trypomastigotes, while 1a and
1f had IC90 values of 72.81 and 28.36 μM against intracellular
amastigotes, respectively (Table 1). Although 1f was less potent
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SCHEME 1 | Synthetic pathway to obtain the 6-hydroxy-3-aryl/heteroarylcoumarins 1(a-j).

TABLE 1 | Anti-T. cruzi activity and toxicity profiles of the studied compounds 1(a-j).

Cmp

Anti-T. cruzi activity

CytotoxicityTrypomastigotes Intracellular amastigotes

IC50, μM IC90, μM SIb IC50, μM IC90, μM SI CC50/72h, μMa

1a 10.52 ± 3.48 30.75 ± 1.94 >47.52 23.93 ± 1.13 72.81 ± 2.89 8.08 193.5 ± 11.84

1b 10.43 ± 2.62 >100 >47.93 74.05 ± 2.31 >100 6.75 >500

1c 0.91 ± 0.02 30.15 ± 3.94 >549.45 >100 >100 ND 296.13 ± 44.3

1d >100 >100 ND >100 >100 ND >500

1e >100 >100 ND >100 >100 ND >500

1f 0.80 ± 0.15 30.67 ± 1.38 >625 10.20 ± 0.79 28.36 ± 3.65 >49.02 >500

1g 46.97 ± 5.94 >100 >10.64 29.95 ± 1.57 >100 15.91 476.63 ± 33.04

1h >100 >100 ND >100 >100 ND >500

1i >100 >100 ND >100 >100 ND >500

1j >100 >100 ND >100 >100 ND >500

Bz 18.92 ± 1.97 >100 >26.42 3.77 ± 1.03 12.21 ± 2.64 >132.62 >500

Note: Mean IC50 and IC90 values obtained from three independent experiments ± standard deviation (SD). Compound: Cmp; IC50: concentration required to inhibit
parasite viability by 50%. CC50: concentration that reduces Vero cell viability by 50%.
aCC50 determined after 72 h of incubation (CC50/72 h). All compounds exhibited CC50> 500 μM at 24 h.
bSelectivity Index (SI) for trypomastigotes calculated as CC50 (24 h)/IC50. SI for amastigotes calculated as CC50 (72 h)/IC50.
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than Bz (IC50 = 3.77 ± 1.03 μM) against amastigotes, it also
exhibited a dual-stage profile, capable of targeting both circu-
lating and intracellular forms of T. cruzi with high selectivity,
underscoring the potential of the coumarin scaffold as an inter-
esting antiparasitic chemotype.

Given the activity of 1f against both developmental stages, this
derivative was selected for a washout assay to further evaluate its
trypanocidal potential. The washout assay assesses in vitro steril-
ity by monitoring parasite recurrence after compound with-
drawal. This evaluation has gained particular importance in
light of the therapeutic failure of posaconazole [31, 32], which
was later shown to be unable to prevent parasite relapse
in vitro, even after prolonged treatment periods [33]. T. cruzi
can give rise to persister-like cells that withstand strong drug
pressure for extended periods and quickly rebound once the com-
pound is removed, representing a major challenge for achieving a
sterile cure [34].

Thus, the assay serves as a critical tool for discriminating
between parasiticidal and merely parasitostatic effects of drug
candidates. Then, T. cruzi-infected Vero cells were treated for
10 days, followed by an additional 10-day period without com-
pound exposure. Both concentrations of 1f (28 and 56 μM) signif-
icantly reduced the release of trypomastigote into the culture
supernatant, exhibiting an inhibition profile comparable to that
of Bz (Figure 2). However, 1f failed to eliminate intracellular par-
asites, maintaining a parasitic load similar to that of untreated
infected cultures, whereas Bz (100 μM) significantly reduced
the intracellular burden (Figure 2). The simultaneous retention
of high intracellular parasite load and the absence of trypomas-
tigote release suggest that 1f interferes with the intracellular dif-
ferentiation of amastigotes into trypomastigotes, rather than
promoting parasite clearance. Thus, understanding the specific
pathways targeted during differentiation may be essential for
optimizing this scaffold and enhancing its curative potential.

The activity of coumarin derivatives against T. cruzi aligns with
the amount of evidence supporting coumarins as versatile anti-
trypanosomal agents. Studies on natural coumarins, including

mammea-type compounds, calanolides, and chalepin derivatives,
have revealed multiple mechanisms of action, including disrup-
tion of parasite membranes, mitochondrial swelling, nuclear
damage, and selective inhibition of key glycolytic enzymes, such
as glycosomal GAPDH [35]. Coumarin-chalcone hybrids demon-
strated significant activity and selectivity against intracellular
amastigotes of T. cruzi and Leishmania braziliensis. Molecular
docking studies revealed that the most active compound exhib-
ited high affinity for trypanothione reductase, establishing
multiple interactions with the active site [36]. Additional mech-
anisms, including oxidative stress induction and the inhibition of
cysteine proteases, have also been reported for coumarin-based
molecules [37]. This variety of mechanisms of action reported in
synthetic and natural coumarin derivatives suggests that these
compounds may interact with multiple targets in the parasite.
Previous studies indicate that this multifactorial characteristic
may enhance therapeutic efficacy and decrease the likelihood
of T. cruzi resistance, a limitation frequently associated with
single-target drugs [38].

As previously reported and consistent with our findings, nitro-
coumarins bearing nitrogen-rich heterocycles, particularly pyri-
dine, have been highlighted as promising trypanocidal agents,
suggesting inhibition of enzymes essential for parasite survival
[23]. The notable selectivity of derivatives 1c and 1f for the try-
pomastigote form suggests that distinct physiological features of
the parasite stages may be involved. Trypomastigotes have a high
metabolic rate and energy expenditure due to their intense motil-
ity, making them highly sensitive to inhibition of key glycolytic
enzymes (e.g., glycosomal GAPDH, a target of coumarins), which
leads to rapid energy depletion. In contrast, the amastigote,
adapted for intracellular replication, uses different energy sources
and exhibits greater plasticity, thereby enabling it to withstand
energy stress. The differential activity of 1f against trypomastigotes
and amastigotes, however, is strongly supported by the distinct
energy acquisition strategies employed by these forms. While
bloodstream trypomastigotes live in a glucose-rich environment
and rely heavily on glycolysis for their high energy demands,
the intracellular amastigote drastically reduces the expression of

FIGURE 2 | Evaluation of the in vitro reversibility of the derivative 1f and Bz in Vero cell cultures infected with T. cruzi. Cells were exposed to

concentrations corresponding to 28 μM (IC90) and 56 μM (2 × IC90) of derivative 1f or 100 μMof Bz for 10 days, followed by an additional 10-day period in

drug-free medium. (A) Treatment with 1f significantly reduced the release of trypomastigote forms in the supernatant during the 21 days post-infection

(dpi), similarly to treatment with Bz. (B) However, compound 1f could not eliminate intracellular parasites, maintaining levels comparable to the

untreated infected group. In contrast, Bz promoted a significant decrease in intracellular load. Parasite viability was determined by luciferase activity,

expressed in Arbitrary Luminescence Units (A.L.U.). The results represent the average of three independent experiments. Statistical analysis was per-

formed using one-way ANOVA, followed by Tukey’s post-hoc test. (****) indicates a statistically significant difference compared to the untreated control,

with p ≤ 0.0001.
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hexose transporter (TcHT) proteins [39]. Consequently, amasti-
gote primarily shifts its metabolism to utilize amino acids and fatty
acids scavenged from the host cell [40]. This metabolic indepen-
dence from glucose-dependent glycolysis renders the amastigote
less vulnerable to rapid energy depletion induced by derivative
1f, complementing the challenge posed by the host cell permeabil-
ity barrier.

Together, these findings reinforce that rationally designed syn-
thetic 3-aryl/heteroarylcoumarins, such as those evaluated here,
may engage similar molecular targets or pathways, offering
opportunities to improve potency and selectivity through strate-
gic structural optimization. Overall, these insights support the
scaffold’s potential as a promising chemotype for developing
selective and effective therapeutic candidates for CD.

3 | Conclusion

In summary, this study validates the strategy of modifying the
coumarin scaffold with heteroaryl substituents at position 3.
The derivative 1f, along with 1c, stands out for its high submi-
cromolar potency and superior selectivity against the infective
trypomastigote form, an activity profile consistent with the high
energy demand of this parasite stage. Derivative 1f, in particular,
demonstrated valuable dual activity, shared with benznidazole.
Furthermore, the washout assay with this molecule revealed a
peculiar property, a possible inhibition of parasite differentiation
(amastigote-to-trypomastigote). This mechanism suggests a new
mode of action for this class of compounds, warranting further
exploration. Accordingly, the development priority is rational
drug design to enhance amastigote-parasiticidal potency, with
the aim of developing improved multi-stage therapeutic candi-
dates for CD.

4 | Experimental Section

4.1 | Chemistry

4.1.1 | General information

The starting materials and reagents were obtained from commer-
cial suppliers (Sigma–Aldrich) and were used without further
purification. Melting points (Mp) are uncorrected and were
determined using a Reichert Kofler Thermopan or in capillary
tubes in a Büchi 510 apparatus. 1H NMR (250MHz) and 13C
NMR (63MHz) spectra were recorded on a Bruker AMX spec-
trometer. 1H NMR (300MHz) and 13C NMR (75.4 MHz) spectra
were recorded on a Varian Mercury 300. 1H NMR (500MHz) and
13C NMR (126MHz) spectra were recorded on a Bruker DRX-
500. The spectra were obtained using CDCl3 or DMSO-d6 as sol-
vent. Chemical shifts (δ) are expressed in parts per million (ppm)
using tetramethylsilane (TMS) as an internal standard. Coupling
constants J are expressed in Hertz (Hz). Spin multiplicities are
given as s (singlet), d (doublet), dd (doublet of doublets), ddd
(doublet of doublets of doublets), t (triplet), td (triplet of dou-
blets), and m (multiplet). The analytical results document> 95%
purity for all compounds. Flash chromatography (FC) was per-
formed on silica gel (Merck 60, 230– 400 mesh). The progress of
the reactions was monitored by TLC, which was performed on
precoated silica gel plates (Merck 60 F254).

4.1.2 | General procedure for the synthesis of 6-acetoxy-
3-aryl/heteroarylcoumarins 3(a-j)

Acetoxylated coumarins 3(a-j) were synthesized under anhy-
drous conditions, using equipment previously dried at 60°C
for at least 12 h and also at 300°C for a few minutes immediately
before use. The solution containing anhydrous H3CCO2K
(2.94 mmol), the appropriate phenylacetic acid derivative 2(a-
j) (1.67 mmol), and 2,5-dihydroxybenzaldehyde (1.67 mmol) in
Ac2O (1.2 mL) was refluxed (138°C) with stirring for 16 h. The
reaction mixture was cooled, neutralized with 10% aqueous
NaHCO3 solution, and extracted (3 x 30 mL) with ethyl acetate
(AcOEt). The organic layers were pooled, washed with distilled
water, dried (anhydrous Na2SO4), filtered, and evaporated under
reduced pressure. The products were purified by flash column
chromatography using isohexane/EtOAc 9:1 as the mobile phase
and Merck 60, 230–400 silica gel as the stationary phase, and
dried.

4.1.3 | 6-Acetoxy-3-(pyridin-4-yl)coumarin (3a)

Yield: 11%. M.P.: 130°C-132°C. 1H NMR (250MHz, CDCl3) δ
(ppm) J (Hz): 8.57 (d, J = 6.1, 2H), 7.40–7.22 (m, 3H), 7.11–
6.99 (m, 3H), 2.33 (s, 3H, CH3).

13C NMR (63MHz, DMSO-d6)
δ (ppm): 169.1, 165.6, 152.8, 149.5, 145.7, 142.1, 141.0, 128.8,
125.9, 123.7, 122.5, 121.0, 119.3, 20.9.

4.1.4 | 6-Acetoxy-3-(4-hydroxymethyl)phenyl)
coumarin (3b)

Yield: 38%. M.P.: 113°C–114°C. 1H NMR (250MHz, CDCl3) δ
(ppm) J (Hz): 7.76 (s, 1H); 7.45 (d, J = 8.5, 2H); 7.37 (d,
J = 8.1, 1H), 7.32 (d, J = 2.6, 1H), 7.24 (dd, J = 8.1, 2.6, 1H),
7.00 (d, J = 8.5, 2H), 5.15 (s, 2H, CH2), 2.35 (s, 3H, CH3), 2.13
(s, 3H, CH3).

13C NMR (63MHz, CDCl3) δ (ppm): 169.1,
165.6, 152.8, 149.5, 145.7, 142.1, 141.0, 128.8, 125.9, 123.7,
122.5, 121.0, 119.3, 20.9.

4.1.5 | 6-Acetoxy-3-(pyridin-2-yl)coumarin (3c)

Yield: 32%. M.P.: 128°C-130°C. 1H NMR (250MHz, CDCl3) δ
(ppm) J (Hz): 8.70 (s, 1H), 8.66 (dd, J= 4.9, 1.6, 1H), 8.39 (d,
J= 8.1, 1H), 7.76 (td, J= 8.1, 1.6, 1H), 7.31–7.38 (m, 2H), 7.30–
7.22 (m, 2H), 2.31 (s, 3H, CH3).

13C NMR (63MHz, CDCl3) δ
(ppm): 169.8, 157.0, 151.2, 150.8, 149.3, 146.6, 145.1, 141.5,
136.6, 125.6, 124.0, 123.5, 120.7, 119.8, 117.2, 20.9.

4.1.6 | 6-Acetoxy-3-(pyridin-3-yl)coumarin (3d)

Yield: 61%. M.P.: 166°C-168°C. 1H NMR (250MHz, CDCl3) δ
(ppm) J (Hz): 8.83 (d, J= 1.6, 1H), 8.63 (dd, J= 4.9, 1.6, 1H),
8.10 (ddd, J= 8.0, 2.4, 1.6, 1H), 7.81 (s, 1H), 7.41–7.31 (m, 3H),
7.28 (d, J= 2.7, 1H), 2.32 (s, 3H, CH3).

13C NMR (63MHz,
CDCl3) δ (ppm): 169.1, 159.8, 153.6, 151.0, 149., 148.8, 146.8,
139.6, 136.1, 130.3, 125.9, 125.4, 123.0, 120.2, 119.5, 117.5, 20.9.

4.1.7 | 6-Acetoxy-3-(2-bromopyridin-4-yl)coumarin (3e)

Yield: 72%. M.P.: 132°C–134°C. 1H NMR (250MHz, CDCl3) δ
(ppm) J (Hz): 8.43 (d, J = 5.2, 1H), 7.89 (s, 1H), 7.82 (d,
J = 1.6, 1H), 7.61 (dd, J = 5.2, 1.6, 1H), 7.40–7.28 (m, 3H), 2.32
(s, 3H, CH3).

13C RMN (63MHz, CDCl3) δ (ppm): 173.5,
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165.2, 151.1, 150.1, 146.8, 144.3, 142.5, 141.2, 126.7, 126.4, 126.3,
121.7, 120.5, 118.9, 117.6, 20.8.

4.1.8 | 6-Acetoxy-3-(2,3-dihydrobenzo[b [1, 4] dioxin-6-yl)
coumarin (3f )

Yield: 52%. M.P.: 122°C–124°C. 1H NMR (250MHz, CDCl3) δ
(ppm) J (Hz): 8.13 (s, 1H), 7.49 (d, J= 2.6), 7.43 (d, J= 8.9,
1H), 7.33 (dd, J= 8.9, 2.6, 1H), 7.25 (d, J= 2.0, 1H), 7.22 (dd,
J= 8.4, 2.0, 1H), 6.90 (d, J = 8.4, 1H), 4.25 (s, 4H, 2xCH2), 2.27
(s, 3H, CH3).

13C NMR (63MHz, CDCl3) δ (ppm): 169.1,
164.0, 150.6, 146.6, 144.4, 143.2, 137.8, 128.3, 127.5, 124.4,
121.7, 120.0, 119.7, 117.5, 117.2, 117.2, 64.4, 64.2, 20.9.

4.1.9 | 6-Acetoxy-3-(benzo[d [1, 3] dioxol-5-yl)
coumarin (3g)

Yield: 42%. M.P.: 172°C–174°C. 1H NMR (250MHz, CDCl3) δ
(ppm) J (Hz): 7.67 (s, 1H), 7.34 (d, J= 8.8, 1H), 7.26 (d, J= 2.6,
1H), 7.22–7.16 (m, 2H), 7.14 (d, J= 1.8, 1H), 6.86 (d, J= 8.0,
1H), 5.99 (s, 2H, CH2), 2.31 (s, 3H, CH3).

13C NMR (63MHz,
CDCl3) δ (ppm): 169.2, 167.6, 150.6, 148.3, 147.6, 146.6, 138.0,
128.5, 128.1, 124.5, 122.5, 120.0, 119.8, 117.3, 108.9, 108.2,
101.3, 20.9.

4.1.10 | 6-Acetoxy-3-(5-bromopyridin-2-yl)coumarin (3h)

Yield: 15%. M.P.: 170°C–172°C. 1H NMR (250MHz, CDCl3) δ
(ppm) J (Hz): 7.79 (s, 1H), 7.73 (s, 1H), 7.36–7.34 (m, 2H),
7.23 (d, J = 1.6, 1H), 6.43–6.36 (m, 2H), 2.29 (s, 3H, CH3).

13C
NMR (63MHz, CDCl3) δ (ppm): 166.0, 164.2, 154.7, 153.6,
147.0, 143.4, 141.8, 134.5, 122.8, 120.8, 119.7, 119.2, 115.5,
115.2, 16.1.

4.1.11 | 6-Acetoxy-3-(2-chloropyridin-4-yl)coumarin (3i)

Yield: 59%. M.P.: 166°C–168°C.1H NMR (300MHz, CDCl3) δ
(ppm) J (Hz): 8.49 (dd, J= 5.3, 0.7, 1H), 7.94 (s, 1H), 7.72 (dd,
J= 1.6, 0.7, 1H), 7.61 (dd, J= 5.2, 1.6, 1H), 7.43–7.32 (m, 3H),
2.36 (s, 3H, CH3).

13C NMR (75MHz, CDCl3) δ (ppm): 171.7,
158.6, 151.9, 151.1, 149.7, 144.6, 141.2, 127.8, 126.3, 124.9,
123.1, 121.3, 120.5, 118.9, 117.6, 20.8.

4.1.12 | 6-Acetoxy-3-(1H-imidazol-4-yl)coumarin (3j)

Yield: 31%. M.P.: 210°C–212°C. 1H NMR (300MHz, CDCl3) δ
(ppm) J (Hz): 9.46 (s, 1H, NH), 8.57 (s, 1H), 8.37 (s, 1H), 8.32
(s, 1H), 7.40–7.18 (m, 3H), 2.37 (s, 3H, CH3).

13C NMR
(75.4 MHz, CDCl3) δ (ppm): 168.9, 156.4, 155.8, 151.3, 146.6,
144.5, 144.0, 141.7, 139.4, 136.8, 126.1, 120.4, 110.5, 23.0.

4.1.13 | General procedure for the synthesis of
6-hydroxy-3-aryl/heteroarylcoumarins 1(a-j)

The key intermediate 3(a-j) (0.003 mol) reacted with 6.5 mL of
2 mol L−1 aqueous HCl solution, using 2mL of methanol as sol-
vent. The mixture was refluxed for 3 h with magnetic stirring.
After that, the resulting reaction mixture was cooled in an ice
bath. The solid isolated was filtered, washed with cold distilled
water, and dried under vacuum, to achieve the desired com-
pounds 1(a-j).

4.1.14 | 6-Hydroxy-3-(pyridin-4-yl)coumarin (1a)

Yield: 87%. M.P.: 240°C–242°C. 1H NMR (250MHz, DMSO-d6) δ
(ppm) J (Hz): 9.73 (s, 1H, OH), 8.72 (d, J = 6.8, 2H, H-2

0
, H-6

0
),

8.10 (d, J = 6.8, 2H, H-3
0
, H-5

0
), 7.95 (d, J= 8.4, 1H, H-8), 7.35 (d,

J= 8.4, 1H, H-7), 7.02 (d, J= 2.7, 1H, H-5), 6.72 (s, 1H, H-4). 13C
(63MHz, DMSO-d6) δ (ppm): 168.3, 154.5, 150.2, 150.1, 141.3,
136.2, 123.1, 122.2, 120.1, 119.6, 117.3, 113.3.

4.1.15 | 6-Hydroxy-3-(4-hydroxymethyl)phenyl)
coumarin (1b)

Yield: 78%. M.P.: 113°C–114°C. 1H NMR (250 MHz, DMSO-d6)
δ (ppm) J (Hz): 9.76 (s, 1H, OH), 8.16 (s, 1H, H-4), 7.69 (d,
J = 7.9, 2H, H-2

0
, H-6

0
), 7.40 (d, J = 7.9, 2H, H-3

0
, H-5

0
), 7.28

(d, J = 8.8, 1H, H-8), 7.10 (d, J = 2.9, 1H, H-5), 7.04 (dd,
J = 8.8, 2.9, 1H, H-7), 5.27 (t, J = 5.7, 1H, OH), 4.55 (d,
J = 5.7, 2H, 2xHa). 13C NMR (300 MHz, DMSO-d6) δ (ppm):
154.0, 146.4, 143.1, 140.3, 133.3, 128.4, 126.9, 126.3, 120.2,
119.8, 116.8, 116.8, 112.6, 62.7.

4.1.16 | 6-Hydroxy-3-(pyridin-2-yl)coumarin (1c)

Yield: 99%. M.P.: 236°C-238°C. 1H NMR (300MHz, DMSO-d6) δ
(ppm) J (Hz): 8.81 (s, 2H, H-4, H-5), 8.36 (d, J = 8.0, 1H, H-8),
8.20 (t, J = 7.7, 1H, H-4

0
), 7.68 (t, J = 7.7, 1H, H-5

0
), 7.37 (d,

J = 8.0, 1H, H-7), 7.25–7.17 (m, 2H, H-3
0
, H-6

0
), 4.70 (s, 1H,

OH). 13C NMR (75MHz, DMSO-d6) δ (ppm): 159.8, 154.7,
154.3, 150.0, 147.4, 144.6, 140.5, 125.3, 125.1, 122.8, 122.0,
119.8, 117.5, 113.8.

4.1.17 | 6-Hydroxy-3-(pyridin-3-yl)coumarin (1d)

Yield: 98%. M.P.: 288°C-290°C. 1H NMR (250MHz, DMSO-d6) δ
(ppm) J (Hz): 9.88 (s, 1H, OH), 9.00 (s, 1H, H-2

0
), 8.69 (d, J= 5.1,

1H, H-6
0
), 8.41 (d, J= 7.3, 1H, H-4

0
), 8.37 (s, 1H, H-4), 7.71 (dd,

J= 7.3, 5.1, 1H, H-5
0
), 7.28 (d, J= 8.6, 1H, H-8), 7.09 (s, 1H, H-5),

7.06 (d, J= 8.6, 1H, H-7). 13C NMR (63MHz, DMSO-d6) δ (ppm):
164.4, 154.2, 148.0, 146.4, 146.3, 142.4, 132.1, 132.1, 124.6, 123.0,
120.8, 119.8, 117.1, 112.9.

4.1.18 | 3-(2-Bromopyridin-4-yl)-6-hydroxycoumarin (1e)

Yield: 93%. M.P.: 266°C–268°C. 1H NMR (250 MHz, DMSO-d6) δ
(ppm) J (Hz): (s, 1H, H-4), 8.43 (dd, J = 5.2, 0.8, 1H, H-6

0
), 8.00

(dd, J = 1.7, 0.8, 1H, H-3
0
), 7.80 (dd, J = 5.2, 1.7, 1H, H-5

0
), 7.30–

7.26 (m, 1H, H-8), 7.10–7.06 (m, 2H, H-5, H-7), 4.10 (s, 1H, OH).
13C NMR (63 mHz, DMSO-d6) δ (ppm): 161.5, 155.9, 154.2,
150.5, 146.9, 143.6, 141.7, 126.8, 122.7, 122.6, 121.3, 119.6,
117.1, 113.1.

4.1.19 | 3-(2,3-Dihydrobenzo[b [1, 4] dioxin-6-yl)-
6-hydroxycoumarin (1f )

Yield: 98%. M.P.: 230°C–232°C. 1H NMR (250MHz, DMSO-d6) δ
(ppm) J (Hz): 9.71 (s, 1H, OH), 8.07 (s, 1H, H-4), 7.25–7.17 (m, 3H,
H-5

0
, H-7

0
, H-8

0
), 7.03 (d, J= 2.9, 1H, H-5), 6.97 (dd, J= 8.4, 2.9,

1H, H-7), 6.89 (d, J= 8.4, 1H, H-8), 4.24 (s, 4H, 2xH-2
0
, 2xH-3

0
).

13C NMR (63MHz, DMSO-d6) δ (ppm): 160.0, 153.9, 146.3, 144.0,
143.0, 139.6, 127.9, 126.2, 121.7, 120.2, 119.6, 117.4, 116.9, 116.8,
112.6, 64.4, 64.1.
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4.1.20 | 3-(Benzo[d [1, 3] dioxol-5-yl)-6-
hydroxycoumarin (1g)

Yield: 98%. M.P.: 222°C–224°C. 1H NMR (500MHz, DMSO-d6) δ
(ppm) J (Hz): 9.73 (s, 1H, OH), 8.11 (s, 1H, H-4), 7.30 (d, J= 1.8,
1H, H-4

0
), 7.26 (dd, J= 8.3, 1.8, 2H, H-8, H-6

0
), 7.08 (d, J= 2.8, 1H,

H-5), 7.04–6.99 (m, 2H, H-7, H-7
0
), 6.08 (s, 2H, 2xH-2

0
). 13C NMR

(125MHz, DMSO-d6) δ (ppm): 160.4, 154.3, 148.0, 147.6, 146.6,
140.1, 129.1, 126.8, 123.0, 120.5, 120.0, 117.1, 112.9, 109.3, 108.5,
101.8.

4.1.21 | 3-(5-Bromopyridin-2-yl)-6-hydroxycoumarin (1h)

Yield: 47%. M.P.: 250°C–252°C. 1H NMR (250MHz, DMSO-d6) δ
(ppm) J (Hz): 9.72 (s, 1H, OH), 7.94 (d, J= 9.6, 1H, H-8), 7.22–7.18
(m, 1H, H-4

0
), 7.08–6.71 (m, 4H, H-4, H-5, H-3

0
, H-6

0
), 6.39 (dd,

J= 9.5, 1.3, 1H, H-7).13C NMR (63MHz, DMSO-d6) δ (ppm):
160.4, 154.1, 153.9, 150.1, 146.9, 144.3, 132.1, 124.6, 120.0,
119.4, 118.4, 117.3, 116.4, 112.6.

4.1.22 | 3-(2-Chloropyridin-4-yl)-6-hydroxycoumarin (1i)

Yield: 90%. M.P.: 280°C–282°C. 1H NMR (250MHz, DMSO-d6) δ
(ppm) J (Hz): 9.87 (s, 1H, OH), 8.51 (s, 1H, H-4), 8.50 (d, J= 5.1,
1H, H-6

0
), 7.91 (s, 1H, H-3

0
), 7.82 (d, J = 5.1, 1H, H-5

0
), 7.32 (d,

J= 8.4, 1H, H-8), 7.13–7.11 (m, 2H, H-5, H-7). 13C NMR (63MHz,
DMSO-d6) δ (ppm): 159.6, 154.5, 151.0, 150.4, 147.3, 146.3, 144.0,
123.5, 123.2, 122.7, 121.7, 119.9, 117.5, 113.5.

4.1.23 | 6-Hydroxy-3-(1H-imidazol-4-yl)coumarin (1j)

Yield: 89%. M.P.: 346°C–348°C. 1H NMR (500MHz, DMSO-d6) δ
(ppm) J (Hz): 12.32 (s, 1H, NH), 9.68 (s, 1H, OH), 8.45 (s, 1H, H-
4), 7.81 (s, 1H, H-2

0
), 7.80 (s, 1H, H-5

0
), 7.26 (d, J= 8.8, 1H, H-8),

7.13 (d, J= 2.8, 1H, H-5), 6.99 (dd, J= 8.8, 2.8, 1H, H-7). 13C NMR
(125MHz, DMSO-d6) δ (ppm): 159.7, 154.4, 145.9, 136.7, 134.7
134.1, 121.7, 120.6, 119.2, 117.8, 117.1, 112.7.

4.2 | Cell culture

Vero cells (BCRJ code 0245), obtained from the Rio de Janeiro Cell
Bank, were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS) and 1mM L-glutamine, and main-
tained at 37ºC in a humidified 5% CO2 atmosphere. Confluent
monolayers were dissociated weekly using 0.025% trypsin-EDTA
solution, and cells were seeded into 96-well plates or flasks as
required. Vero cells were used for phenotypic screening assays,
the washout assay, and the isolation of trypomastigote forms of
T. cruzi.

4.3 | Trypanosoma cruzi

Genetically modified T. cruzi parasites, specifically the Dm28c
clone (TcI) expressing the firefly luciferase gene (Dm28c-Luc),
were kindly provided by Dr. Cristina Henriques [41]. The
Dm28c-Luc was maintained in Vero cells using RPMI 1640
medium supplemented with 10% FBS. At 4 days post-infection
(dpi), trypomastigotes released into the culture supernatant
were harvested, centrifuged (4000 rpm, 20 min, 4°C), and quan-
tified with a Neubauer chamber. These trypomastigotes were

used in phenotypic screening assays to evaluate antiparasitic
activity [18].

4.4 | Cytotoxicity assay

Vero cells were used to evaluate the toxicity effect of coumarin
analogs and Bz. The cells were cultured in 96-well plates
(1.5 × 104 cells/well) and after 24 h of seeding, were treated for
24 and 72 h at 37ºCwith coumarin analogs or Bz at concentrations
ranging from 15.62–500 μM. Cell viability was determined by mea-
suring ATP levels using the CellTiter-Glo kit (Promega
Corporation, Madison,WI, USA), followed by luminescence detec-
tion on the Glomax microplate reader (Promega Corporation,
Madison, WI, USA). The concentration that reduced cell viability
by 50% (CC50) was calculated using GraphPad Prism software (ver-
sion 8.0). Dimethyl sulfoxide (DMSO) was used as a solvent in all
experimental groups at low concentrations (≤1%). At least three
independent experiments were performed in duplicate.

4.5 | Anti-T. cruzi in vitro assay

Phenotypic screening of the coumarin derivatives was per-
formed using T. cruzi Dm28c-Luc. Both trypomastigotes and
amastigote forms were evaluated using a luminescence assay.
Trypomastigotes (1 × 106 parasites/well) were exposed to couma-
rin derivatives or Bz at concentrations ranging from 0.41 to
100 μM for 24 h at 37°C in white 96-well plates with clear bot-
toms. To assess the effect of coumarin against intracellular amas-
tigotes, Vero cells (1.5 × 104 cells/well) were seeded in a white
96-well plate with a clear bottom and infected with T. cruzi
Dm28c-Luc at a 10:1 parasite-to-host cell ratio for 24 h.
Infected cultures were treated for 72 h at 37ºC with different con-
centrations of coumarin derivatives (0.41–100 μM). Following
incubation, D-luciferin solution (300 μg/mL) was added to assess
parasite viability by measuring luminescence with a Glomax-
Multi Detection microplate reader (Promega Corporation,
Madison, WI, USA). The IC50 and IC90 (concentrations inhibiting
50% and 90% of parasite viability, respectively) were calculated
using GraphPad Prism software 8.0. Selectivity indices (SI) were
calculated as the ratio of the CC50 to the IC50 values. DMSO
(≤1%) was used as a negative control. All conditions were per-
formed in duplicate with at least three independent experiments.

4.6 | Reversibility assay

Vero cell cultures infected with T. cruzi were treated with the
selected coumarin derivatives at concentrations corresponding
to 1–2 times the IC90 for 10 days at 37°C, following CC20 param-
eters, and were subsequently maintained for an additional 10
days without treatment. The culture medium of both treated
and untreated infected cells was replaced every 3–4 days with
fresh medium, either with or without the coumarin derivatives.
The presence of viable parasites in the culture supernatant was
monitored at each medium change by adding D-luciferin
(300 μg/mL) and measuring the luminescence using the
Glomax microplate reader. At the end of the experiment, both
the culture supernatant and cell monolayers were analyzed for
parasite viability. Benznidazole (100 μM; Bz), the reference drug,
and ≤1% DMSO were used as positive and negative controls,
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respectively. At least three independent experiments were per-
formed, with eight to twelve replicates per experiment [21].

4.7 | Statistical Analysis

Data were obtained from at least three independent experiments
and are presented as mean ± standard deviation (SD). Statistical
analyses were performed using GraphPad Prism software (ver-
sion 8.0). Data were evaluated utilizing one-way ANOVA fol-
lowed by Tukey’s post hoc test, with a significant threshold of
p-value ≤ 0.05.
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